Several mech s of posttranscriptional gene regulation are involved in regulation of the expression of essential proteins of iron metabolism. Coordinate regulation of ferritin and transferrin receptor expression is produced by binding of a cytosolic protein, the iron-responsive element binding protein (IRE-BP) to specific stem-oop structures present in target RNAs. The affinity of this protein for its cognate RNA is regulated by the cell in response to changes in iron availability. The IRE-BP demonstrates a striking level of amino acid sequence identity to the iron-sulfur (Fe-S) protein mitochondrial aconitase. Moreover, the recombinant IRE-BP has aconitase function. The lability of the Fe-S cluster in mitochondrial aconitase has led us to propose that the mechnism by which iron levels are sensed by the IRE-BP involves changes in an Fe-S cluster in the IRE-BP. In this study, we demonstrate that procedures aimed at altering the IRE-BP Fe-S cluster in vitro reciprocally alter the RNA binding and aconitase activity of the IRE-BP. The changes in the RNA big of the protein produced in vitro appear to match the previously described alterations of the protein in response to iron availability in the cell. Furthermore, iron manipulation ofcells correlates with the activation or inactivation of the IRE-BP aoitas activity. The results are consistent with a model for the ponslatonal regulation of the IRE-BP in which the Fe-S cluster is altered in response to the availability of intracellular iron and this, in turn, regulates the RNA-binding activity.
Studies of the posttranscriptional control of critical proteins of iron metabolism have suggested models in which modulation of metabolic pathways occurs through regulation ofthe fate of cytoplasmic mRNAs. This regulation is based on the presence in certain transcripts of specific recognition structures called iron-responsive elements (IREs) (1) (2) (3) (4) . IREs were first identified in the 5' untranslated region (UTR) of mRNAs encoding the iron storage/sequestration protein ferritin (2) (3) (4) . A functional IRE is a moderately stable stemloop structure containing approximately [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] nucleotides with a 6-membered loop and an unpaired cytosine 6 nucleotides 5' of the first loop nucleotide. The 5' IRE found as a single copy in the mRNA of all sequenced ferritin cDNAs is responsible for the iron-dependent regulation of the translation of ferritin (5) . IREs-were then identified in the 3' UTR of the mRNA encoding the human transferrin receptor (TfR) (6, 7) . More recently, IREs have been observed in the 5' ends of the mRNAs encoding the erythroid form of 8-aminolevulinate synthase (8, 9) and mitochondrial aconitase (9) .
IREs provide the binding site for a cytosolic protein called the IRE-binding protein (IRE-BP) (10, 11) . This protein has also been referred to as the ferritin repressor protein (FRP) (12) and the iron regulatory factor (IRF) (13) . The interaction between the IRE-BP and IRE-containing mRNAs is regulated by iron availability (4, 7, 10, 11, 14, 15) . When cells are given excess iron, the cytosolic IRE-BP isolated from those cells does not bind IREs with high affinity. In contrast, the IRE-BP assayed from the cytosol of cells deprived of iron demonstrates a high affinity (Kd < 100 pM) for IREs. The switch between high and low RNA-binding activity does not require protein synthesis and thus represents a posttranslational modification of the protein (14, 15) . The inactive protein can be activated to bind RNA with high affinity in the presence of high concentrations of reducing agents, leading us to propose that a redox-sensitive suiflfydryl switch distinguishes the two binding states (14, 15 (20) . The conservation of all structurally defined aconitase active-site residues in the IRE-BP led to the demonstration that IRE-BP is an aconitase (21, 22 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
Cytosolic lysates were prepared as described (15) . Hemin (Sigma) and desferrioxamine (CIBA Pharmaceutical) treatments of cells consisted of overnight incubation with the compounds at 50-100 ,uM (15) .
RNA Synthesis and Gel Retardation Assay. Gel retardation assays and radiolabeled ferritin IRE RNA probe synthesis were performed essentially as described (15) mM sodium citrate. This was followed by 5 ,ul of affinitypurified rabbit anti-mouse antibody (Organon Teknika) and the incubation continued for an additional 30 min. Protein A-Sepharose (100 ,l) was added, the sample was tumbled for 1 hr at 4°C and then centrifuged, and the pellet was washed twice with 100 mM Tris HCl, pH 8.0. An aliquot was additionally washed in 25 mM Tris-HCl, pH 7.4/150 mM NaCl/1% (vol/vol) Triton X-100, and 1 ng of radiolabeled IRE was added in a 100-,ul volume with 2-mercaptoethanol at a final concentration of 2% (vol/vol). After 5 min on ice the resin was washed twice in the buffer with 2-mercaptoethanol and the IRE-BP was quantitated by liquid scintillation counting. The number of moles of functional IRE-BP on the beads was estimated by assuming a 1:1 ratio of bound RNA to IRE-BP. Aconitase activity was measured with the coupled aconitase/isocitrate dehydrogenase assay (24) . The reaction components were 100 mM Tris HCl (pH 8.0), 1 mM citrate, 1 mM MgCl2, 1 mM NADP (Boehringer Mannheim), and isocitrate dehydrogenase (100 pg/ml; Boehringer Mannheim). The immunoprecipitated Myc-IRE-BP attached to Protein A-Sepharose was added to the aconitase assay components and the production of NADPH was followed by the change in absorbance at 340 nm. , assayed in the presence or absence of 2% 2-mercaptoethanol (2-ME). (B) Prior to the gel retardation assay, lysates from hemin-or desferrioxamine-treated cells were pretreated with 2% 2-ME for 5 min at room temperature and then put over a G-50 spin column to remove the reducing agent. Assays were then performed with or without 2% 2-ME as in A. These results indicate that activation with 2% 2-ME is dependent upon continued presence of reducing agent, whereas the hemin and desferrioxamine treatment of cells results in a difference that is stable to column chromatography.
RESULTS
IRE-BP derived from extracts of hemin-treated cells can be recovered if the RNA interaction is assessed in the presence of high concentrations of reducing agents (14) (15) (16) , removing the reductant returns it to low RNA-binding activity (16) (Fig.  1) . Thus, while the addition of reducing agents alone to the inactive IRE-BP activates RNA binding, it does not induce a stable change in the protein such as that which is produced within the iron-deprived cell. Because IRE-BP most likely contains an Fe-S cluster, we next focused on the possible role of alteration of this cluster as a basis for the stable differences between IRE-BP from iron-replete as compared to irondeprived cells. One reasonable model might be that the iron-replete form of IRE-BP, which essentially does not bind RNA, contains a fully assembled [4Fe-4S] cluster. The [3Fe-4S] form of mitochondrial aconitase can be readily converted to the [4Fe-4S] form by the addition of iron salts in the presence of a reducing agent (20) . When lysates derived from desferrioxamine-treated cells containing IRE-BP active for RNA binding were incubated with DTT and ferrous ammonium sulfate and then desalted, the IRE-binding activity was lowered (Fig. 2) . Two percent (vol/vol) 2-mercaptoethanol will substitute for DTT in the iron-loading procedure, and DTT levels of 12.5 mM are sufficient for maximal inactivation of RNA-binding activity. The RNA-binding activity of the IRE-BP after iron loading resembled the activity of IRE-BP derived from lysates of cells grown in the presence of hemin. Binding activity can be recovered if assayed in the presence of 2-mercaptoethanol (Fig. 1) the presence or absence of 2% 2-mercaptoethanol (2-ME) as indicated. EDTA added prior to DTT and iron prevent the inactivation of the RNA-binding activity. EDTA added after DTT and iron is without significant effect.
effect. As in the DTT protocol, iron loading is blocked by the inclusion of EDTA.
The fact that procedures known to add iron to incomplete Fe-S clusters lead to loss ofRNA-binding activity implies that the cluster may play a fundamental role in determining RNA-binding affinity. We therefore attempted to activate RNA binding of the IRE-BP found in lysates derived from hemin-treated cells. To accomplish this, lysates were treated with high concentrations of DTT at an alkaline pH (8.9) (Fig.  3) . This treatment resulted in stable activation of RNA binding, even after removal of the reductant and neutralization. Neither the addition of reductant nor the alkaline pH alone stably activated the RNA-binding activity. This stable activation of RNA binding in the IRE-BP derived from hemin-treated cells can be contrasted with the reversible activation of RNA binding seen in the presence of high concentrations of reducing agents at neutral pH (Fig. 1) . We further examined activation of inactive IRE-BP as a function of the concentration of DTT at pH 8.9 . Increasing levels of activation were achieved with increasing amounts of DTT up to 50 mM. If the effects of this treatment on RNA binding activity were the result of labilizing the IRE-BP Fe-S cluster, we would predict that these effects would be antagonized by substrates for the enzyme, as substrate has been shown to enhance the stability of the Fe-S cluster of mitochondrial aconitase (20, 25) . Inclusion of 1 mM citrate eliminated the activation of IRE-BP RNA-binding activity by DTT/high pH. As predicted from studies with mitochondrial aconitase, the same protection was afforded by two other ligands that have been shown to stabilize the aconitase fourth iron (20) , isocitrate and tricarballylate (data not shown). The same cluster loading procedure can be used to inactivate the RNA-binding activity of the hemin-derived IRE-BP after activation of the RNA binding by the alkaline DTT protocol described above. Thus, the alterations in RNA-binding properties produced by these in vitro manipulations are stable to desalting procedures but are reversible when the protocols described above for inducing stable changes are applied.
FIG. 3. Activation of RNA binding of the IRE-BP in lysate from
hemin-treated cells. Lysate (40 jig) was incubated for 20 min at room temperature at pH 8.9, with 100 mM DTT, or the combination ofhigh pH and DTT. All samples were desalted on a G-50 spin column and a portion of each sample was assayed by gel retardation assay with or without 2% 2-mercaptoethanol (2-ME).
Iron Manipulation Reciprocally Affects Aconitase Enzymatic Activity and RNA-Binding Activity of IRE-BP Both in Vitro and in Living Cells. If the in vitro manipulations described above accurately reflect in vivo alterations in the iron content ofthe putative Fe-S cluster, then iron manipulations, either of cells or of the isolated protein, should result in predictable alterations in the aconitase activity of the IRE-BP. To examine this issue, we constructed a stable mouse B6 cell line that expressed the human IRE-BP (H/IRE-BP-1). The RNA-binding activity of the human protein can be readily observed in this line and shown to be regulated by growth of the cells in the presence of either desferrioxamine or hemin in a manner that is indistinguishable from the regulation of the endogenous IRE-BP (Fig. 3) . The human protein can be specifically immunoprecipitated from lysates by virtue of an added Myc epitope tag, and the purified protein can then be assayed for aconitase activity (22) . Western blotting of total cell lysates revealed that the total amount of human IRE-BP was sometimes up to 2-fold higher in lysates of desferrioxamine-treated cells than in lysates of hemin-treated cells, but total amounts were never more significantly disparate (data not shown). Little aconitase activity was produced by IRE-BP purified from cells treated with desferrioxamine prior to lysis. However, in vitro treatment with either of the iron loading protocols that inactivate RNA binding of the IRE-BP successfully activated the aconitase enzyme activity. More importantly, we could directly assess whether the IRE-BP isolated from hemin-treated cells possessed aconitase activity in the absence of any further in vitro manipulations. The IRE-BP from hemin-treated cells had 410 times greater aconitase activity than the IRE-BP from desferrioxamine-treated cells (Fig. 4B) . The number of moles of IRE-BP was determined by measuring the amount of radiolabeled IRE specifically bound to the immunoprecipitated protein after transient activation of RNA binding with 2% 2-mercaptoethanol. Measurement of total IRE-BP, assuming a 1:1 stoichiometry of RNA to protein, allowed us to (20) , thus demonstrating that the IRE-BP has a specific activity that is comparable to that which has been calculated for the mitochondrial aconitase. These data indicate that in vivo iron manipulations of RNA-binding activity correlate with a reciprocal change in the aconitase activity of the IRE-BP.
Immunoaffinity-purified IRE-BP obtained from lysates from the H/IRE-BP-1 cells was used to assess whether the in vitro iron manipulations were effective at altering the IRE-BP aconitase activity (Fig. 4C) . When the immunopurified IRE-BP from cells treated with hemin was subjected to the DTT/high pH treatment that activates RNA binding, the IRE-BP no longer had aconitase activity, consistent with disruption of the cluster. This loss of enzyme activity was prevented by inclusion of 1 mM citrate and could be recovered by the iron loading protocols. Conversely, when the IRE-BP derived from desferrioxamine-treated cells was subjected to the iron loading protocol that inactivates RNA binding, the IRE-BP developed full aconitase activity that was resistant to the subsequent addition of EDTA. If, however, EDTA was included during the iron loading, activation of enzymatic activity was prevented. Thus, as in the cell, there is a reciprocal relationship between RNA binding and aconitase enzyme activity of the purified protein for all of the in vitro manipulations described in this paper.
DISCUSSION
The regulated fates of mRNAs encoding proteins of iron metabolism have provided an excellent system for the study of regulation at the level of mRNA (1). Ferritin expression is translationally regulated, and TfR expression is regulated at the level of mRNA turnover. The recognition that the transacting factor in this system, IRE-BP, is a cytosolic aconitase, homologous to the well-described mitochondrial aconitase, has suggested a possible model for aspects ofhow this protein might sense changes in iron levels within the cytosol (19, 22) . Formulation of this model was stimulated by the observation that, in vitro, the cubane Fe-S cluster of aconitase can interconvert between a [3Fe-4S] and a [4Fe-4S] state (26) . Whether or not such an interconversion for the mitochondrial enzyme or any other Fe-S cluster protein ever occurs in vivo is a question that has not been previously explored.
Our data show that the inactive RNA-binding protein isolated from iron-replete cells appears to be a fully active aconitase, whereas the protein derived from iron-starved cells has little aconitase activity. When the latter protein is loaded with iron in vitro, RNA-binding activity is lost and aconitase activity is recovered. These data provide evidence that the cell alters the Fe-S cluster, which, in turn, regulates the IRE-binding activity of this protein. (25) .
The relationship between alterations in the Fe-S cluster and the ability of the protein to bind RNA must be further defined and related to previous observations that led to the idea that the RNA-binding state could be regulated by a "sulfhydryl switch" (14) . This idea was based on two types of observations: (i) the protein inactive for RNA binding in extracts from iron-treated cells was activated in vitro to bind RNA by the addition of reducing agents and (ii) the active, RNA-binding protein could be reversibly inactivated by oxidation and irreversibly inactivated for RNA binding by N-ethylmaleimide, a sulfhydryl-alkylating reagent, whereas the inactive binding protein was insensitive to alkylation. Both the observations concerning the Fe-S cluster reported here and the previous results can be described by a model in which the protein is proposed to exist in either of two conformations: "open," in which it is competent for highaffinity RNA binding but has no aconitase activity, and "closed," in which it is competent for enzymatic activity but does not bind RNA. The conformation is determined by the Fe-S cluster, with a replete [4Fe-4S] cluster favoring the closed state. Reduction alone may allow the protein to enter the open state, regardless of the Fe-S cluster status. Whether the reductant, in this situation, is acting on the cluster, the protein, or both remains to be determined, although it is attractive to imagine that only certain oxidation states of the cluster can maintain the "closed" protein conformation. Reductant alone does not, however, change the underlying composition of the cluster, since removal of the reducing agent results in the reversion of the protein to its inactive RNA-binding state. The alkylation-sensitive site presumably represents one or more sulfhydryls that are exposed only in the open state. We can speculate about the relationship between a fully assembled cluster and a protein conformational change based upon the structure of the mitochondrial aconitase (21) , in which the fourth protein domain is connected to the first three domains by a hinge/linker. Residues of the fourth domain interact with substrate, which in turn interacts with the Fe-S cluster substrate and the other domains of the protein (21) . In the absence of the cluster and substrate, the interaction between the fourth domain and the rest of the protein may be weakened, allowing the exposure of an RNA binding site that may include the active-site cleft.
We need to understand the mechanism by which the cluster is actually altered within the cell and whether the regulatory mechanism requires that the protein have enzymatic activity. Whatever the details of the events that lead to and take place after the loading or release of iron, we believe that a physiologically labile Fe-S cluster provides the key to the ability of this protein to be altered in response to available iron levels. Such a cluster-based model provides a powerful mechanism for sensing environmental changes. It has been suggested that another Fe-S cluster-containing protein, ferredoxin I of Azotobacter, may be a DNA-binding protein that is regulated by iron (27) . It has also been proposed that, in Escherichia coli, the aconitase Fe-S cluster provides a switch for sensing oxidative stress (28) , suggesting that this inorganic complex may represent a very ancient molecular sensing device. These observations on the regulation of the IRE-BP point to an important regulatory role for Fe-S clusters in addition to the multiple known functions already ascribed to Fe-S clusters (26, 29, 30) .
